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We demonstrate a rational fabrication of hierarchical treated rape
pollen (TRP), a biological material used as a metal-free catalyst for

Broader context

visible-light-driven photocatalytic CO2 reduction. The TRP catalyst

The increase in CO2 emissions in the atmosphere caused by the rapid
consumption of fossil fuels is causing a global greenhouse eﬀect and
energy shortage. The conversion of CO2 to value-added fuels, while at the
same time reducing the amount of the greenhouse gas CO2 using a
semiconductor-mediated sunlight-driven photocatalytic strategy, is considered a desirable approach to address the aforementioned problem. At
present, considerable eﬀorts are being made to fabricate earth-abundant
(low-cost) and metal-free catalysts as alternatives to the commonly reported
catalysts that mainly rely on metals, such as metal oxides, (oxy)nitride and
(oxy)sulfides. Herein, the as-prepared earth-abundant and cost-eﬃcient
hierarchical treated rape pollen catalyst exhibits excellent visible-lightdriven carbon monoxide (a component of syngas, which can be used for
Fischer–Tropsch synthesis) formation activity and selectivity without the
use of any co-catalyst or sacrifice reagent, accompanied by a high quantum
efficiency. We anticipate that such a nature-based sustainable photocatalyst can provide new insights into the design of metal-free catalysts
with outstanding energy production performance.

exhibits excellent visible-light-driven carbon monoxide (CO) formation
of 488.4 lmol h

1

g

1

with 98.3% selectivity, using no co-catalyst or

sacrifice reagent, accompanied by a high quantum eﬃciency of over
6.7% at 420 nm. The CO evolution rate obtained on the TRP catalyst is
roughly 29.4 and 25.6 times higher than those of the most commonly
reported photocatalysts, such as g-C3N4 (16.6 lmol h 1 g 1) and P25
TiO2 (19.1 lmol h

1

g 1), and is the highest among the reported

carbon-based photocatalysts. In situ Fourier transform infrared spectrometry analysis disclosed that formic acid is a major intermediate. The
considerable photocatalytic CO2 reduction activity observed on the TRP
catalyst can be ascribed to the following factors: (i) the unique hollow
porous structure of the TRP favours visible light harvesting and CO2
adsorption capacity; and (ii) the interior cavity of the TRP can decrease
the diﬀusion length of the photogenerated reactive charge carrier from
bulk to surface, thus promoting charge carrier separation. We anticipate
that such a nature-based sustainable photocatalyst can provide new
insights to facilitate the design of metal-free catalysts with outstanding
visible-light-driven CO2 reduction performance.

Introduction
The rapid increase in the emission of CO2 into the atmosphere
caused by the combustion of fossil fuels is causing problems of
a
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global warming for our society. The conversion of CO2 to valueadded fuels, while at the same time reducing the amount of the
greenhouse gas CO2 using a semiconductor-mediated sunlightdriven photocatalytic strategy, is considered a desirable approach
to help address these problems.1 Nevertheless, most photocatalysts are metal-based, such as metal oxides, (oxy)nitride and
(oxy)sulfides, which hamper the desired long-term practical
application of CO2 photoreduction.2 The recent development of
a variety of metal-free photocatalysts, including red phosphorus,3,4
black phosphorus,5,6 carbon nitride7,8 and boron carbide,9,10
suggests that the design and fabrication of catalysts from earthabundant and metal-free elements could shine new light on
the field of photocatalysis. Moreover, highly eﬃcient photocatalysts always rely on a suitable architecture. Hierarchical
hollow structures are widely selected as a unique type of
advanced architecture in photocatalytic CO2 reduction as they
endow photocatalysts with a higher density of surface-exposed
active sites to accelerate CO2 adsorption; facilitate the separation of photogenerated charge carriers by decreasing the diﬀusion length from bulk to surface; and improve the visible light
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harvesting property via internal multi-light scattering and
reflection.11–13
Biological materials with multiple scales and hierarchical
morphologies have generated great interest among researchers.
Among various biological materials, pollen with a uniform carbon
skeleton has been applied in a variety of fields due to its large pore
volumes, high surface areas and unique 3D network structure.14
Compared with conventional chemical synthesis, the preparation
process of pollen-derived materials is also more economic and ecofriendly. Herein, for the first time, we demonstrate a facile strategy
for the synthesis of a metal-free hierarchical hollow TRP catalyst
derived from natural rape pollen for enhanced visible-light-driven
photocatalytic CO2 reduction. The detailed preparation process
is listed in the Experimental section, and involves three steps:
(i) remove the core and wash the surface of the rape pollen, (ii) fix
the morphology of the rape pollen, and (iii) carbonise the rape
pollen to obtain a well-established carbon skeleton. The TRP catalyst, with the benefits of visible light harvesting, CO2 adsorption
capacity and charge carrier separation, exhibits considerable
activity and selectivity towards the photocatalytic reduction of CO2
into CO without the use of any co-catalyst or sacrifice reagent.

Results and discussion
Material characterisation
The X-ray diﬀraction (XRD) patterns (Fig. S1, ESI†) of the
TRP particles show a wide diﬀraction peak at around 221,
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demonstrating the formation of the amorphous catalyst. Fieldemission scanning electron microscopy (FESEM) images (Fig. 1a)
indicate that the TRP catalysts exhibit a uniformly oval-shaped
morphology with an average length and width of ca. 12 and
25 mm, respectively, indicating the successful retention of the
morphology and structure of rape pollen. The high-magnification
FESEM image in Fig. 1b reveals that the shell of the TRP catalyst
has a porous network structure. Moreover, vast pore channels
(Fig. 1c) within the porous shell are beneficial to light harvesting
and CO2 transmission and adsorption. The transmission electron
microscopy (TEM) images in Fig. 1d and e further demonstrate
that abundant channels are uniformly distributed in the hollow
structures. The high-resolution TEM image in Fig. 1f proves the
amorphous property of the TRP catalyst, which is consistent with
the XRD analysis. The chemical composition of the TRP catalysts
are investigated using Fourier transform infrared spectrometry
(FT-IR), X-ray photoelectron spectroscopy (XPS), 13C solid-state
nuclear magnetic resonance, elemental analysis and energy
dispersive X-ray spectroscopy. The FT-IR (Fig. S2, ESI†) and
nuclear magnetic resonance (Fig. S3, ESI†) spectra indicate that
the TRP is mainly composed of carbon skeleton based components (CQO, –CH3, –CHQCH–).15,16 The XPS (Fig. S4, ESI†) and
energy dispersive X-ray spectroscopy (Fig. S5, ESI†) measurements suggest that the TRP is composed of C, O, N and S
elements with atom ratios of 89.1, 8.7, 1.7 and 0.5%, respectively. Elemental mappings of a single TRP particle (Fig. 1g)
demonstrate the even distribution of the C, O, N and S elements
throughout the hollow hierarchical structure. As a result,

Fig. 1 Characterizations for TRP particles. (a–c) FESEM images of TRP particles, (d and e) HAADF-STEM and (f) HRTEM images of a TRP particle, and (g) FESEM
image and corresponding elemental mappings of a single TRP particle. (Scale bar: (a) 15 mm; (b) 2 mm; (c) 200 nm; (d) 2 mm; (e) 1 mm; (f) 5 nm; (g) 3 mm.)

This journal is © The Royal Society of Chemistry 2018
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we have successfully prepared a metal-free N, S doped carbon
skeleton based biological material. For reference, some relative
characterisations of carbon nitride are shown in Fig. S5 (ESI†).

Published on 27 June 2018. Downloaded by Guangdong Technology University Library on 10/17/2018 10:26:17 AM.

Photocatalytic CO2 reduction
Before evaluating the sunlight-driven photocatalytic CO2 reduction
property of the TRP catalyst, we first investigate the optical
absorption property and energy band structure of the TRP
catalyst. The UV-vis diﬀuse reflectance spectra (UV-vis DRS) in
Fig. S6(a) (ESI†) illustrate that the TRP catalysts possess a
strong photoabsorption ability ranging from UV to visible light
and even the near-IR region, which is better than the most
commonly reported g-C3N4 photocatalysts. The bandgap of the

Fig. 2 CO2 photocatalytic performance. (a) Generation of CO and CH4
over diﬀerent photocatalysts. Light source: 300 Xenon lamp with full
spectrum or a cut oﬀ (4400 nm); reaction condition: 350 mL reactor,
15 mg catalyst, 3 h reaction time. Results of GC-MS analysis of the CO/CH4
generated from the 13CO2 isotope experiments: (b) GC spectrum and
(c) MS spectrum.

Table 1

TRP catalyst is estimated to be 1.08 eV based on the UV-vis DRS
analysis. The flat band potential of the TRP catalyst is about
0.54 V vs. the Ag/AgCl electrode based on the extrapolation of
the X intercept in the Mott–Schottky plot (Fig. S6(b), ESI†). The
positive slope of the Mott–Schottky plot in Fig. S2(a) (ESI†)
indicates that the TRP catalyst displays n-type semiconductor
characteristics, in which the flat band potential is close to the
Fermi level (Ef) and the conduction band (CB).15,17 The valence
band spectrum (Fig. S6(c), ESI†) indicates that the valence band
edge of the TRP catalyst is located at 0.54 eV below the Ef level,
and is about 0.19 V. Taken together, the CBM potential is estimated to be located at 0.89 V (Fig. S6(d), ESI†), which might
provide the appropriate reduction potential of a TRP catalyst to
manipulate CO2 reduction to both CO (CO2/CO, 0.53 V vs.
NHE) and CH4 (CO2/CH4, 0.24 V vs. NHE).18
The performance of the TRP catalyst in the photocatalytic CO2
reduction is evaluated at room temperature (ca. 20 1C) under
ambient pressure using a 300 W Xenon lamp in the absence of a
cocatalyst and sacrifice reagent (Fig. 2 and Table 1).19 Gas
chromatography verifies that the predominant reaction product
is CO accompanied by a trace amount of methane (CH4). Control
experiments are carried out by introducing helium (He) into the
reactor and keeping other conditions the same. The results
demonstrate that no detectable products are observed either in
the dark or under light irradiation, suggesting that CO and CH4
are derived from photocatalytic CO2 reduction driven by solar
irradiation.20,21 A 13C-labeled isotopic experiment is carried out
to provide direct proof of the carbon source of the evolved CO.
The gas chromatography-mass spectrometry analysis in Fig. 2b
and c reveals the reduction product from 13CO2 photoreduction
on the TRP photocatalyst, in which the strong signal in the MS
spectrum at m/z = 29 is assigned to 13CO. This result provides
strong evidence that the produced CO originates from the
photocatalytic reduction of CO2 molecules. Under full spectrum
irradiation (Fig. 2a) of the TRP catalyst, considerable CO
(845.7 mmol h 1 g 1) and CH4 (10.6 mmol h 1 g 1) evolution rates
are obtained. To further investigate the visible light photocatalytic
property of the TRP catalyst, we carry out the photocatalytic
CO2 reduction under the visible light region (4400 nm). As
expected, a satisfactory CO evolution value of 488.4 mmol h 1 g 1 is
obtained for the TRP catalyst, which is almost 29.4 and 25.6 times
higher than those of the most reported visible-light-driven
photocatalysts such as g-C3N4 (16.6 mmol h 1 g 1) and P25
TiO2 (19.1 mmol h 1 g 1), and is also higher than those of

The photocatalytic CO2 reduction eﬃciency of the as-prepared catalysts

Photocatalyst

Light source

RP
TRP
TRP
g-C3N4
P25
h-BN
Graphite (flake)
Mesoporous carbon
Active carbon

300
300
300
300
300
300
300
300
300

W
W
W
W
W
W
W
W
W

Xenon
Xenon
Xenon
Xenon
Xenon
Xenon
Xenon
Xenon
Xenon

CO evolution rate (mmol h
lamp
lamp
lamp
lamp
lamp
lamp
lamp
lamp
lamp

(with
(with
(with
(with
(with
(with
(with
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a
a
a
a
a
a
a

400
400
400
400
400
400
400

nm
nm
nm
nm
nm
nm
nm

cut
cut
cut
cut
cut
cut
cut

filter)
filter)
filter)
filter)
filter)
filter)
filter)

0
845.7
488.4
16.6
19.1
0
10.9
0
5.7

1

g 1)

CH4 evolution rate (mmol h

1

g 1)

0
10.6
8.4
9.8
4.7
0
0
0
0
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carbon-based photocatalysts (Tables S1 and S2, ESI†). The value
(488.4 mmol h 1 g 1) is also much higher than the activities
of h-BN (0 mmol h 1 g 1), graphite (flake, 10.9 mmol h 1 g 1),
mesoporous carbon (0 mmol h 1 g 1) and active carbon
(5.7 mmol h 1 g 1) obtained using the same experimental
instrument. We also extend this strategy to prepare other
biomass-derived carbon-based photocatalysts. First, hierarchical
porous-based lotus pollen is chosen as the starting precursor to
obtain the treated lotus pollen catalyst (Fig. S7, ESI†). The results
indicate that the CO evolution rate of the treated lotus pollen still
reaches 706.6 and 558.2 mmol g 1 within 3 h under full spectrum
and visible light (4400 nm) irradiation respectively, without
co-catalyst or scavenger, which are higher than the rates reported
for many CO2 reduction catalysts. Next, we select grass without
a hierarchical structure from The Chinese University of Hong
Kong. The photocatalytic experimental results reveal that no
obvious gas products are detected either under full spectrum or
visible light irradiation. These results demonstrate the potential
to use pollen-based biomass to prepare carbon-based hierarchical
photocatalysts for sunlight-driven CO2 reduction.
To further investigate the photocatalytic CO2 reduction of
the TRP sample, we conduct a series of condition experiments
(Fig. 3). First, the photocatalytic CO2 reduction experiments are
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conducted under diﬀerent temperatures. The photocatalytic
activity first increases and then decreases as the temperature
is elevated, which may be attributable to the following factors:
(1) increasing the reaction temperature in a certain range does not
significantly decrease the CO2 adsorption because the CO2 molecules have strong binding energy with the as-prepared TRP
catalysts based on the CO2-temperature programmed desorption
result (Fig. S11, ESI†), while further increasing the temperature is
unfavourable to CO2 adsorption; and (2) the CO2 reduction process
is an endothermic reaction. Increasing the reaction temperature is
beneficial to CO2 reduction. The CO2 reduction experiments are
performed at room temperature (20 1C) for practical application
reasons. The catalyst dosage and light intensity of the catalytic
system are also optimised to achieve eﬃcient photocatalytic CO2
reduction. We find that the amount of CO evolution first increases
and then remains at a low level as the amount of catalyst increases.
The result also indicates that improving the light intensity is
favourable for CO evolution. When the light intensity is higher
than 2500 W m 2, the CO evolution increment is not significant.
Thus, we perform the experiments using 15 mg of catalyst under a
light intensity of 2500 W m 2.
The wavelength dependence of the QE of the CO/CH4 evolution in the TRP catalyst is also investigated (Fig. 3c). The QE of

Fig. 3 Evolution of CO under various reaction conditions. (a) Temperature. (b) Catalyst dosage. (c) Light intensity. (d) Wavelength-dependent quantum
eﬃciency of as-prepared TRP catalyst under monochromatic light irradiation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Characterizations for CO2 adsorption property (a) and defect states
(b) of TRP and g-C3N4.
Fig. 4 In situ FTIR spectra for co-adsorption of a mixture of CO2 and H2O
vapor on the TRP catalyst in the dark and under visible light (LED lamp,
l = 420 nm) irradiation for 20, 40, 60 min, respectively.

the TRP is 6.7% at 420 nm, which is higher than that of
most carbon-based catalysts for photocatalytic CO2 reduction
(Table S2, ESI†). In addition, the QE decreases as the wavelength of the monochromatic light increases, which is in good
agreement with the absorption edge of the TRP catalyst, suggesting that photocatalytic CO2 reduction reaction is indeed
driven by incident light.22,23 Moreover, the photostability of the
TRP catalyst is proven to be quite good after three cycles of the
visible-light-driven CO2 reduction experiment (Fig. S8, ESI†).
The SEM, FT-IR and XPS results (Fig. S9, ESI†) of the used TRP
catalyst also support its high stability.
To further explore the mechanism of the photocatalytic CO2
reduction process of the TRP catalyst, in situ FT-IR (Fig. 4 and
Fig. S10, ESI†) is performed to gain an in-depth understanding of
the reaction intermediates during the photocatalytic process. To
remove the adsorbed contaminants, the TRP photocatalyst is first
treated at 150 1C in a vacuum. The FT-IR spectrum of the catalyst
collected prior to the introduction of CO2 in the dark is selected
as the background. All of the FT-IR spectra collected after the
introduction of CO2 are obtained by subtracting the background.
Monodentate carbonate (1314 and 1543 cm 1), bidentate
carbonate (1651 cm 1) and bicarbonate (1396 and 1421 cm 1)
are clearly visible after introducing CO2 and H2O vapour into the
reaction without light irradiation.21,24–26 Most of these peaks
intensities become stronger after the visible light is switched
on. Most importantly, two new peaks at 1356 and 1520 cm 1,
which can be ascribed to the COO species, appear and gradually
strengthen when the irradiation time is prolonged, demonstrating that HCOOH is an important intermediate during the photocatalytic reduction of CO2 to CO.20,21 This result is consistent with
the previous reports that the formation of COOH* intermediate is
the rate-limiting step involved in the CO2 reduction process.27,28
CO2 adsorption behaviour
An important factor aﬀecting the photocatalytic CO2 reduction
performance is the adsorption capacity of CO2 on the catalyst.

2386 | Energy Environ. Sci., 2018, 11, 2382--2389

To verify this, we investigate the CO2 adsorption performance
of the TRP catalyst. The CO2 adsorption isotherms in Fig. 5a
reveal that the maximum values at atmospheric pressure (22 1C)
are 17.2 and 3.3 cm3 g 1 for TRP and g-C3N4, respectively. The
CO2 adsorption capacity of the TRP catalyst is 5.2 times higher
than that of the commonly used metal-free photocatalyst,
g-C3N4. The much higher CO2 uptake of the TRP than of the
g-C3N4 may be due to the unique hollow and porous structure
and abundant defects (Fig. 5b) of the TRP, which are responsible for capturing and activating CO2. To further confirm the
CO2 adsorption capacity of the TRP catalyst, we perform CO2
temperature-programmed desorption measurements and the
results are shown in Fig. S11 (ESI†). The typical desorption peak
of the TRP catalyst can be clearly identified at 321 1C, which is
significantly higher than that of g-C3N4 (around 100 1C),19,29
suggesting that CO2 molecules are binding more strongly with
the TRP surface. The hierarchical, hollow and porous rugbyball-like structure of the TRP catalyst should make an eﬀective
contribution to the performance of the CO2 adsorption as it may
favour the diﬀusion of CO2 among the cavities and thus improve
the utilisation of active sites. In addition, the cage eﬀect of the
unique hollow structure of the TRP catalyst might provide more
opportunities for the CO2 molecules to react with it.
Charge separation and transfer performances
The separation–recombination behaviour of the photo-induced
carries is another key factor affecting the photocatalytic performance of CO2 reduction. First, the surface recombination rate
is investigated using the decay profile of open circuit potential
(Fig. 6a).19,30 The average recombination rate can be estimated
using the following equation:
(V

Vdark)/(V

Vlight) = 1

exp( kt)

(1)

where V, Vdark and Vlight are the open circuit potential at any time,
in the dark and under light irradiation; k is the pseudo-first-order
recombination rate constant. The TRP catalyst (0.35 s 1) clearly
shows a slower decay kinetic than that of g-C3N4 (0.57 s 1) after
switching oﬀ the light, suggesting that the TRP has a lower

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Characterizations for charge separation and transfer eﬃciency (a) open-circuit potential decay curves (normalized after turning oﬀ the visible light).
(b) Photoluminescence spectra. (c) Voltammograms. (d) Surface photovoltage spectra.

surface recombination rate. The separation–recombination rate
of the light-generated charges are further studied by photoluminescence (PL) spectra (Fig. 6b). A strong emission at about
470 nm on the PL spectrum of g-C3N4 is produced by the recombination of the photoinduced electron–hole pairs. Strikingly,
the PL intensity of TRP at 470 nm almost vanishes, suggesting
the efficient charge separation of the TRP catalyst. A photoelectrochemical test is used to elucidate the charge transfer ability.
The photoelectrochemical properties of the g-C3N4 and TRP
samples are investigated by measuring the current–voltage
( J–V) curves (Fig. 6c) under visible light (80 mW cm 2). The
photocurrent intensity of the TRP is clearly enhanced compared
with that of the g-C3N4 with the light on at different voltages,
further confirming the better charge transfer ability of the
TRP sample.
We also carry out steady-state surface photovoltage spectroscopy (SPV), a highly sensitive and direct method, to investigate
the charge separation of the TRP catalyst.31,32 The strong SPV
response frequently corresponds to the high photogenerated

This journal is © The Royal Society of Chemistry 2018

charge transfer.31 The TRP catalyst clearly shows a higher SPV
intensity than the g-C3N4 (Fig. 6d). All of these results demonstrate that the photo-induced charge separation and transfer rate
of the TRP catalyst is higher than that of the most commonly
used metal-free photocatalyst, g-C3N4, which means that more
photoinduced electrons participate in reducing CO2, thereby
accelerating the photocatalytic CO2 reduction to CO and CH4.

Conclusions
To conclude, a low-cost and facile strategy was developed to
prepare TRP biological materials as a metal-free catalyst for
sunlight-driven photocatalytic CO2 reduction. The CO evolution
rate obtained on the TRP catalyst is roughly 29.4 and 25.6 times
higher than those of the most commonly reported photocatalysts such as g-C3N4 and P25 TiO2, and is the highest among the
reported carbon-based photocatalysts. The unique hierarchical,
hollow and porous features of the TRP catalysts are favourable
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for light harvesting, CO2 molecule adsorption and charge separation, which are responsible for the enhanced photocatalytic CO2
reduction performance compared with most of the reported metalfree visible-light-driven photocatalysts. It is envisaged that the
facile and eﬀective method presented here can also be expanded
to create other nature-inspired metal-free materials for photocatalytic CO2 reduction to produce sustainable fuels.

Experimental section
Synthesis of sulphuric acid treated rape pollen (TRP)
Ten g of rape pollen (RP) was immersed in a solution of
absolute ethanol (100 mL) with supersonic treatment for 2 h
to dissolve the core and remove impurities from the surface.
After the supersonic treatment, the immersed RP was filtered
and washed with deionised (DI) water several times. Then,
the RP was added to a 100 mL mixed solution of ethanol and
formaldehyde (v/v, 1 : 1) followed by stirring for 1 h to fix the
morphology of the carbon skeleton. The fixed RP was then
filtered and washed with DI water several times. Then, the fixed
RP was treated with H2SO4 solution (12 M, 100 mL), stirred for
4 h at 80 1C in a water bath, washed with DI water to adjust the
pH value to 7 and dried in a vacuum for 24 h.
Characterisation
XRD patterns were analysed using a D8 Advance X-ray diﬀractometer (Bruker axs company, Germany) equipped with Cu-Ka
radiation (l = 1.5406 Å). Field emission scanning electron
microscopy (FESEM, JSM-7800F) was performed and operated
at an acceleration voltage of 10 kV to characterise the morphologies of the products. The morphology and particle size of
the as-prepared samples were also examined by TEM and a
high angle annular dark field STEM on a Philips Tecnai F20
instrument. TEM images were processed by Digital Micrograph
(Gatan, USA). A Nicolet NEXUS470 FTIR spectrometer was
applied to obtain the Fourier transform infrared spectra. The
resolution used for FTIR was 4 cm 1. Ultraviolet-visible (UV-vis)
spectroscopic measurements were performed on a UV-2450
UV-vis spectrophotometer. XPS analysis was performed by an
ESCALAB MK X-ray photoelectron spectrometer. The spectra
were calibrated using the C 1s (284.8 eV). Peaks were fitted by
XPS-peak-diﬀerentiating analysis software, XPSPEAK41. The
excitation light used to record the fluorescence spectra was
360 nm. The PL spectra were obtained by a QuantaMaster and
TimeMaster Spectrofluorometer (QuantaMastert40, USA). The
in situ FT-IR spectra were obtained using in situ diﬀuse reflectance infrared Fourier transform spectroscopy (Nicolet iS50,
TMO, USA).
Photocatalytic CO2 reduction measurement
The photocatalytic CO2 reduction activity of the as-prepared
catalysts was carried out in a 350 mL PLS-SXE300 Labsolar-IIIAG
closed gas system (Perfectlight, China). A Xenon lamp (300C,
Perfectlight, China) was used as the light source to trigger the
photocatalytic reaction. Typically, 15 mg of the photocatalyst
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powder was uniformly dispersed on the centre of a watch glass.
The reaction temperature was kept at 20 1C by a MX7LR lowtemperature thermostat bath system (PolyScience Co., Ltd, USA).
To obtain CO2 gas with 1 atm pressure, NaHCO3 (1.36 g) was
placed in the reactor followed by thorough vacuum treatment,
and then H2SO4 (2 M, 10 mL) was injected into the reactor by
syringe. After the reactor became equilibrated (10 min), 1 mL of
the mixed gas was removed by a syringe injector at given time
intervals (1 h) and analysed by a gas chromatograph (Shiweipx,
GC7806, Beijing PerfectLight, China) equipped with a thermal
conductivity detector (TCD, molecular sieve 5 A column) and a
flame ionisation detector (FID, TM-PLOT U column) with N2
(99.999%) as the carrier gas. The yields of the products were
calculated according to standard curves based on the standard
gaseous samples.
Quantum eﬃciency measurement
The QE was measured under the same photocatalytic reaction
conditions, except for the incident light wavelength. The solar
fuel (CO and CH4) yields of 1 h photoreaction under diﬀerent
monochromatic light wavelengths were measured. The bandpass and cut-oﬀ filters were those used in the above measurement. The irradiation area was 2.25 cm2. The light intensity
was estimated using a light meter (MODE LI-250, SERIAL NO.
LMA-2033, USA).
The light intensities at certain monochromatic wavelengths
were as follows: 420 nm (270 W m 2); 470 nm (430 W m 2);
520 nm (410 W m 2); 570 nm (300 W m 2); 620 nm (300 W m 2);
720 nm (280 W m 2).
The QE for CO2 reduction was calculated using the following
equation:
QE (%) = (number of reacted electrons/number of incident
photons)  100%
= {(2  number of evolved CO molecules
+ 8  number of evolved CH4 molecules)/number of
incident photons}  100%
Photoelectrochemical measurements
Electrochemical tests were performed in a standard three-electrode
configuration using a CHI 760E electrochemical analyser (Chenhua
Instruments Company, China). The working electrodes were prepared with as-prepared samples, and a Pt wire and Ag/AgCl
(saturating KCl) were used as the counter electrode and reference
electrode, respectively. A 300 W Xenon lamp coupled with a UV cutoﬀ filter (l 4 420 nm) was used to simulate visible light. Working
electrodes were prepared as follows: 5 mg of the as-prepared
catalysts and 20 mL of Nafion solution (5 wt%) were dispersed
by sonication in a 1 mL mixed solvent containing isopropanol
and water (1 : 3 v/v) to form a homogeneous catalyst colloid.
Then, 100 mL of the catalyst colloid was spread on the pretreated
F doped Tin oxide (FTO) (1.0  1.0 cm 2), and dried in air at
room temperature to form photocatalyst-modified FTO. All of
the studied working electrodes had a similar film thickness.
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